We present the results of a three-year operational-aging test of a specially designed prototype flight laser operating at 1064 nm, 10 kHz, 1ns, 15W average power and externally frequency-doubled. Fibertek designed and built the q-switched, 1064nm laser and this laser was in a sealed container of dry air pressurized to 1.3 atm. The external frequency doubler was in a clean room at a normal air pressure. The goal of the experiment was to measure degradation modes at 1064 and 532 nm separately. The external frequency doubler consisted of a Lithium triborate, LiB3O5, non-critically phase-matched crystal. After some 1064 nm light was diverted for diagnostics, 13.7W of fundamental power was available to pump the doubling crystal. Between 8.5W and 10W of 532nm power was generated, depending on the level of stress and degradation. The test consisted of two stages, the first at 0.3 J/cm 2 for almost 1 year, corresponding to expected operational conditions, and the second at 0.93 J/cm 2 for the remainder of the experiment, corresponding to accelerated optical stress testing. We observed no degradation at the first stress-level and linear degradation at the second stress-level. The linear degradation was linked to doubler crystal output surface changes from laser-assisted contamination. We estimate the expected lifetime for the flight laser at 532 nm using fluence as the stress parameter. This work was done for NASA's Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) LIDAR at Goddard Space Flight Center in Greenbelt, MD with the goal of 1 trillion shots lifetime.
INTRODUCTION
The Advanced Topographic Laser Altimeter System (ATLAS) instrument for ICESAT-2 mission [1] has two flight lasers: one to meet the lifetime and a spare to increase reliability. Each laser should operate at 532 nm, 10 kHz, 1.5 ns with average power as high as 9W and is expected to have lifetime of 3 years and 2 month, closely corresponding to 1 Trillion shots lifetime. The 532 nm operation is achieved through doubling fundamental pulses at 1064 nm. The major specifications for the flight lasers are listed below:
1. Center wavelength 532.272 nm ±15pm, vacuum wavelength 2. Wall-plug efficiency to 532 nm > 5% at laser case temperature 25°C 3. Repetition rate 10 ±0.3 kHz 4. Pulse energy adjustable within 250 uJ -925 μJ (in at least 12 closely equal increments, called power modes) 5 . Mean pulse width < 1.5 ns 6. Polarization linear, contrast >100:1 7. Spatial mode 1.6X diffraction limit (M 2 < 1.6) 8. Shot-to shot pointing stability < 11 μrad 9. Boresight shift during vibration testing < 200 μrad 10. Lifetime: 3 years + 60 days for each laser Time [hr] 600 700
The conceptual design considerations for the laser can be found in [2] . The technological development and qualification of various aspects of the laser can be found in [3, 4, 5, 6] . The optical design of the laser is a master oscillator/power amplifier (MOPA) that includes an actively Q-switched short-pulse oscillator, a pre-amplifier, and a dual-stage power amplifier. All of the gain media are Nd:YVO4 crystals that are end-pumped at 880 nm with fiber-coupled diode modules. The diode modules are mounted on a common cooling plate which is temperature stabilized. A temperature-controlled Volume Bragg Grating (VBG) in the oscillator narrows the spectral output of the laser and provides wavelength tunability.
Motivation
One of the most critical reliability items is the reduction of pulse energy through degradation of the second harmonic in the frequency doubler. It is speculated that one of the lifetime limitations for the ICESat-1 mission came from the frequency doubler [6] . Two laser prototypes for ICESAT-2 (similar in design to that tested in this study and called Engineering Development Units or EDUs) were delivered to NASA in 2011. These were tested in operational-aging tests and showed substantial degradation of 532 nm energy and power without corresponding degradation at 1064 nm. The 532 nm pulse energy degradation of early EDUs is shown on Figure 1 . Each graph shows 532 nm average (blue line), high (red), low (green) pulse energy trends. The yellow error-bars equal to standard deviation are added to the average pulse energy trend. The degradation trend gave -1dB lifetime of 0.043 and 0.028 Terashots (1 Terashot= 10   12 shots) respectively. This corresponded to 4.3% and 2.8% of the mission goal. Figure 1 . Short test-aging of early Engineering Development Units, EDU-0 and EDU-1 operated with frequency doublers installed inside the self-enclosed units. They both showed early degradation of pulse energy and average optical power at 532 nm. The measured lifetime (EOL=-1dB) was between 1200 hours (EDU-0) and 800 hours (EDU-1).
The analysis of these two early prototypes corroborated that degradation of the 532 nm energy was likely caused by surface degradation of the frequency doubler and transport optics. The output surfaces of the frequency doubler and downstream transport optics exposed to intense 532 nm radiation were darkened and acquired characteristic photo-assisted contamination with height close to or in excess of 100 nm, similar to that reported in [7] . On both of the early prototypes, the level of fluence was set relatively high, at about 1.4 J/cm 2 . At this point we investigated possibility of operating the frequency doubler at lower fluence by using a larger beam and a longer LBO crystal to maintain conversion efficiency.
The goal of this Study
The goal of this study was to measure degradation modes at 1064 and 532 nm independently and understand degradation issues associated with frequency doubler. Simultaneously with Fibertek, Inc., NASA Goddard team tried to experimentally demonstrate that operation at lower fluences can prolong the lifetime to durations required by the ICESAT-2 mission. For this purpose, a special Engineering Design Unit, named by vendor as EDU-2, was manufactured. The EDU-2 has frequency doubler and all doubler-related transport optics removed. The frequency-doubling was done externally on optical table. This allowed us to observe degradation modes of 1064 nm and 532 nm independently and with greater detail.
EDU-2 Laser details and differences with flight laser
EDU-2 is a sealed laser system, pressurized with clean, dry air. It was manufactured with standards of cleanliness and reliability comparable to those of a flight system. The delivered EDU-2 system is shown in Figure 2 . The details of the EDU-2 design can be found in [3] . The laser system produces 14.5-15W of optical power at 1064 nm. The differences between EDU-2 laser and the flight lasers are summarized below:
1. In EDU-2 the frequency doubler is removed and output radiation is at 1064 nm. In flight laser, the output is at 532 nm, the frequency doubling is internal. The oscillator resonator is non-folded and has slightly smaller waist size. Typical spectrum consisted of 4 longitudinal modes, two full and two half intensity modes. As the result, temporal shape of the pulse had deep, up to 100% in depth modulations with characteristic period ~ 400 ps. 4. EDU-2 spectrum at 1064 nm is slightly wider than that of the flight laser. This is due to a slightly shorter VBG used in oscillator. The Spectral width at 1064 nm ~ 15-20 pm (versus ~ 10 pm or less for flight laser). 5. EDU-2 has slightly non-optimized Power mode adjustment of pulse energy spacing Figure 2 . EDU-2 Laser system. The cooling is done through water block on the right side. The cooling temperature was set close to room temperature and was dictated by the choice and match of the central wavelength of the laser diode pumps operated at 885 nm to the absorption band of Nd:YVO4 laser host material.
EXPERIMENTAL SETUP
The experimental setup consisted of two sets of diagnostics, one to track the performance of the fundamental beam at 1064 nm and one for the second harmonic at 532 nm. The setup is shown in Figure 3 . A portion of the 1064nm laser beam was diverted using a specialty coated 3° wedge, before frequency doubling to monitor the pump laser characteristics. From this pickoff, we monitored the time-profile, power, energy, spectrum, near and far-field beam profiles, and M 2 . This information was needed in order to accurately understand the IR laser performance and trend before frequency doubling. The light that passed through the specialty coated 3° wedge then passed to a half-wave plate for the polarization conditioning. This is important because we need to make sure to properly orient the IR laser polarization for optimal Figure 5 . Next the 1064nm laser light travels to the LBO and is converted to 532nm laser light. The 532nm light is isolated from residual IR using two harmonic separators, HS1 and HS2. The leakage through the HS1 was directed towards a power meter to monitor the unconverted IR light. The 532 nm beam was then further filtered from 1064 nm residual by reflecting from HS2. This beam was then directed towards 3° wedge in order to provide pickoffs for time-profile, power, energy, wavelength, spatial profile, and M 2 measurements. Table 1 lists the components we used for the optical setup. 
THE CHOICE OF DOUBLING CRYSTAL
The doubling crystal choice was dictated primarily by reliability considerations. The second harmonic generator (SHG) crystal should be able to run without degradation 24 hours per day, 365 days per year. The doubler should also be able to operate at relatively high efficiencies, preferably in excess of 50-60%. Lithium Triborate, LiB3O5, was chosen as the doubler both for the ICESAT-2 mission and for this study. The flight laser will operate with critically phase-matched LBO crystal, but in this study, we use non-critically phase-matched (NCPM) LBO. The rationale for NCPM choice are listed below:
• Insufficient power and pulse energy @ 1064 nm BOL. NCPM configuration produce higher efficiencies.
• No {immediate} automatic temperature tuning scanner/maximizer availability (needed due to 1064 nm beam pointing drift)
• At the time of the test start, the choice of CPM or NCPM crystal configuration was not firm.
• CPM crystal would not allow "clean" step-stress due to walk-off and SHG efficiency reduction when beam is focused tighter.
The doubling crystal details are listed below:
• LBO is manufactured and coated in-house by Coherent Advanced Crystal Group [8] , procured through Fibertek
• Crystal Dimensions: 6 mm x 6 mm x 22.3 mm
• Cut: Non-critical
• Phase-Matching type -Type-I (o+o e)
• Top (NCPM) ~ 149
• Coating AR/AR 1064nm /532 nm, both sides
• Damage threshold for 1064 nm and 532 nm for 1-1.5 ns pulses is in excess of 5 J/cm2. Figure 4 shows the main components of the doubling cell. The crystal was fixed in the crystal holder with two 8 mils Teflon inserts. The inserts provided stress-free thermal and mechanical contact with the oven. We distinguished input (S1) and output (S2) surfaces pre-selected by vendor for further failure mode analysis. 
THE SHG OPTIMIZATION
The relevant beginning of life (BOL) optical test parameters of EDU-2 are listed in Table 2 . Table 2 . EDU-2 Energy and Power Budget estimates for SHG at BOL. The mission goal of ≥ 900 uJ/pulse at 532 nm was only achievable with NCPM LBO.
The EDU-2 laser beam diverged with a beam waist of ~0.5 mm located ~45 cm inside the laser box. In order to focus the beam on the doubling crystal and adjust the fluence to the required level, we assembled a simple two-element Galilean down-collimator (DC). The DC details are shown in Figure 5 . Figure 5 . Down-Collimator (DC) Schematics. The down-collimator was two-lens Galilean telescope with adjustable distance between lenses. By varying negative lens position -Zf2, and by translating LBO center, ZLBO, to a new waist location for each Zf2, it was possible to continuously vary waist size on LBO from ~ 0.5 mm to 1 mm. The variation of the beam size after down-collimator versus negative lens position is shown in Figure 6 . Zf2 is also called (micrometric) DC bolt position in the text below. Figure 8 . The thermal acceptance of LBO was relatively low. This was however consistent with theoretical numbers. The SHG efficiency is sensitive to a fraction of degree. This factor requires stabilization of the crystal temperature for ~20 millimeter long crystal to 0.1C degree accuracy. Simultaneously, any inhomogeneous distribution of absorption in bulk or on the surface can throw crystal out of phase synchronism and reduce SHG efficiency Figure 8 . Thermal scan of the LBO doubling. 3dB thermal acceptance was ~ 1.3C and corresponded to linear acceptance 2.9°C*cm.
The scan of measured SHG efficiency and peak fluence for 1064 nm and 532 nm beams versus down-collimator bolt position is shown in Figure 9 on the left graph. The right graph shows the energy and fluence as a function of input fluence. Both graphs show the same data but cast with different X-axes. Figure 9 . Scan of SHG and fluence levels versus down-collimator adjustment. Energy of the 1064 nm pulse is being kept constant. The laser is set at Power Mode # 28. Both graphs shows the same set of data. On the left graph, the X-axis is down-collimator bolt position. On the right graph, the X-axis is 1064 nm input fluence on surface S1. Both Graphs are double-Y axis, with left Y-axis used for fluence or energy level and the right Y-axis used for SHG efficiency. 
4--Life -Aging State
The SHG efficiency is as high as 76%, obtained with tighter focusing. The life-aging test was conducted in two stages with two distinct optical stress levels on the crystal. The first stress level was close to that of the expected flight conditions, while the second was about 3 times higher (but still lower than stress level of the early EDU tests.) The stress conditions are summarized in Table 1 . Table 3 . Summary of critical parameters of two different stress conditions.
Parameter
Step-Stress 1 (~1,000-7,500 Hrs)
Step-Stress 2 (7, 
LIFE-AGING RESULTS
The EDU-2 aging originally started without a frequency-doubler. This allowed us to ascertain inherent stability of the system and diagnostics at 1064 nm and prepare for calibrated frequency doubling. The timelines of the aging are summarized below: EDU-2 Life Aging @1064 nm We completed close to 0.75 year (6,500 Hrs.) of testing doubler at nominal stress (~0.28 J/cm 2 for 532 nm) with no measurable degradation. After that the stress was moderately increased to the level ~ 0.93 J/cm 2 . Stress was increased with the goal to observe and quantify gradual degradation over a period of ~2 years, resulting in the potential for a predicted lifetime.
Major aging parameters were power and energy of 1064 nm and 532 nm beams. The 1064 nm power and energy trends are shown in Figure 12 .
Beam was re-centered at EM Figure 12 . The changes and degradation of the power and energy for 1064 nm beam. Power and Pulse Energy measurements at 1064 nm were inconsistent with each other after ~ 5,000 hrs. Fundamental pulse energy fluctuations (especially large min energy excursions after ~9.3 kHrs) were also inconsistent with those at 532 nm. The large excursions were removed when energy meter (EM) was replaced (without recalibration to the main output beam) near 26 kHrs.
After approximately 4350 hours of operation, we reached a significant discrepancy between 1064 nm power and pulse energy: The average optical power measured with a power meter was 5% higher than that derived from multiplying the energy per pulse by the pulse repetition frequency, fREP. At the BOL, the same discrepancy was essentially zero and within calibration accuracy of our measurements. The 5% excess of averaged power reached at 4350 hours might have been attributed to a calibration drift of the absolute values of power and energy meters, but we also measured a low energy prelasing pulse which exhibited about 5 small peaks. This is shown in Figure 13 . After 16 kHrs of operation, the number of pre-lasing spikes increased to 11 and stayed at the same level to the rest of the experiment. The relative amount of power measured by both methods, through prepulse measurement and through power and energy meter differences method, showed that after 16 kHrs about 15% of the 1064 nm energy was contained in the low intensity structures of the pre-lase pulse. This is shown in Figure 14 . Figure 13 . Measurement of prepulse after 4350 Hours of aging. About 5 peaks were visible at about 15 us before the main pulse. Numerical integration of 1064 nm power contained in the prepulses gave about 5% and was consistent with the measurement of excess of average power between power and energy meter. Figure 14 . The low intensity prepulse measurements (left graph) after 16 kHrs of life-aging revealed the presence of 11 spikes located ~ 15 us before the main Q-switch pulse (not shown). The excess of power measured versus mode number showed that the were about 1.5W excess of power in low intensity structure.
The trend in power and energy of the frequency-doubled beam is shown in Figure 15 . 
DOUBLER CRYSTAL POST-MORTEM
The LBO crystal surfaces were inspected and profiled using a 3D Zygo white-light interferometry based microscope, model NewView 7300. The initial pre-test LBO surfaces are shown in Figure 16 . The somewhat expected darkened bumps, corresponding to photo-assisted contamination, were not found on either of the surfaces. 
LIFE-TIME PREDICTION
The ground-based life-aging tests of flight prototypes occurred in different ambient conditions. The prototype lasers also built in slightly different forms, fits and functions. The life-aging test were done in open-breadboard MOPA BB (Master Amplifier Power Amplifier Brass-Board) configurations [5] , in the enclosed EDU systems and in the flight life-test system. The flight life-test system has essentially the design of the flight laser but was not available until recently. The tests with flight-life-test system is currently underway. The MOPA BB and EDU systems have design differences with flight laser system that may affect the rate degradation of the laser in the space. In order to be able to make any conclusions about life-time of the flight-like lasers, we must point out the major similarities and differences of the above systems. The major similarities and differences and as well as possible lifetime consequences are summarized in Table 4 . increased surface absorption studies of LBO material after prolonged 532 nm radiation exposure were not consistently done so far. Our attempts to measure stoichiometric differences in the darkened area with non-invasive methods failed so far. The combination of early prototype aging, EDU-2 aging and MOPA brassboard aging [5] gave degradation pattern as the function of fluence stress. This is summarized in Table 5 . The results from Table 5 are recast on the graph in Figure 19 . The curve-fitting showed slope of 1.58 (Life  1/F 1.58 , where F is the pulse fluence) which is between linear and square-law dependence expected from the mix of a single and twophoton absorption process. The graph suggests that fluence as low as F~0.3 J/cm 2 maybe sufficient for mission goal. To get the survivability of the system with 90% confidence or more, with current state of the testing and knowledge, the fluence level should be reduced to ~ 0.15 -0.2 J/cm2. This can be accomplished with pulse energies as low as ~1.5 mJ and efficiency in excess of 60% only in non-critical phase matching configuration by using crystals as long as 35-40 mm. 
CONCLUSIONS
The experience acquired during this three-year test of the EDU-2 laser with an external frequency doubler revealed both reliable and unreliable parameters of the laser system inherent in the technology used. Averaged laser power at 1064 nm was stable; no substantial degradation trend was noticed. The pulse energy at 1064 nm had some degradation (but potentially restorable) that can be attributed to pre-lasing or pre-pulse build up. A low-energy pre-pulse up to 15% of total energy developed during the extended operation. This pre-pulse would reduce the energy in the second harmonic pulse. Aside from fundamental beam degradation, the 532 nm pulse energy degradation rate critically depends on the 532 nm fluence stress and ambient conditions (volatile contaminants). The above issues can be mitigated by setting reasonably low fluence and controlling level of contamination in laser optical module. For the final flight design, the doubling crystal length was increased and thus fluence was decreased by 2.8 times relative to the early engineering units. To control and reduce contaminant level, activated charcoal getters were added to the system to mitigate contamination risk. The flightlike laser system test is underway to verify the reliability of the ICESAT-2 laser system.
